Disorder in the potential-energy landscape presents a major obstacle to the more rapid development of semiconductor quantum device technologies. We report a large-magnitude source of disorder, beyond commonly considered unintentional background doping or fixed charge in oxide layers: nanoscale strain fields induced by residual stresses in nanopatterned metal gates. Quantitative analysis of synchrotron coherent hard x-ray nanobeam diffraction patterns reveals gate-induced curvature and strains up to 0.03% in a buried Si quantum well within a Si/SiGe heterostructure. Electrode stress presents both challenges to the design of devices and opportunities associated with the lateral manipulation of electronic energy levels. A new generation of devices based on the quantum properties of charge and spin in solids has the potential to improve dramatically the functional capabilities of nanoscale electronics.
1,2 Silicon is a particularly promising host material for this class of devices because of the precision with which electronic states in Si can be manipulated using elastic strain and applied fields. A robust fabrication path towards exploiting the favorable quantum properties of Si is to confine electrons within electrostatically defined quantum dots (QDs) created in a two-dimensional electron gas in a strained-Si quantum well (QW) within a Si/SiGe heterostructure.
1, [3] [4] [5] [6] Electrons in Si QDs exhibit long electron spin coherence times due to weak spin-orbit coupling and potentially low nuclear coupling because Si can have zero nuclear spin in isotopically purified Si, ideal conditions for quantum computing applications. 7 Quantum electronic devices in Si and all other semiconductors, however, regularly require extensive optimization of the gate voltages that control the device, in order to compensate for a disordered potential-energy landscape that is usually assumed to derive from unintentional background doping or fixed charge in oxide layers.
Here we show that the mechanical stress extrinsically introduced by the metal electrodes creates significant potential-energy disorder in gate-defined quantum devices, presenting a challenge to the design of such devices and offering a key target for device design. Using synchrotron hard x-ray nanobeam diffraction and nanoscale mechanical modeling, we find that the strain-induced nonuniformity has a magnitude that is comparable to the charging energy of quantum dots, and that for donor-based quantum devices the strain is large enough to produce significant donor-to-donor variation in the contact hyperfine interaction.
A common feature of the coupling between structural and electronic phenomena in quantum devices is that the relevant structural length scales range from a few nanometers up to the submicron a Electronic mail: pgevans@wisc.edu sizes of the full device. At the smallest scale, features such as interface atomic steps, strain variations, and compositional fluctuations modify either the energies of relevant quantum states or the rates of transitions between states, as predicted for example in the Si/SiGe system. 8 Imposed stresses resulting from surface features or macroscopic curvature similarly perturb the local electron energetics but can also lead to new device-scale phenomena such as modifications to ballistic transport, anisotropy in two-dimensional transport, and modulations of the potential induced by periodic surface structures. [9] [10] [11] Mechanically these perturbations due to surface structures can result from interface stresses produced by a combination of atomic-scale and microstructural effects in the thin films that are used to create electrodes or other device components. 12, 13 Interface stress is a key aspect of the design of the present generation of silicon electronics, where the distortion is employed to increase the electron mobility by shifting the relative energies of silicon conduction band valleys.
14 Its effect in quantum devices, however, is not clear.
Some degree of variation also results from the synthesis of the host heterostructure, for example via the random nucleation of dislocations in plastic relaxation during Si/SiGe heteroepitaxy. Hard x-ray nanoprobe studies of the far-from-electrode regions of the strained-Si QW in a relaxed Si/SiGe heterostructure grown epitaxially on Si (001) have found that structural distortion from the plastically relaxed SiGe layer is transferred into the strained-Si QW. 15 The elastic stress resulting from the growth of the strained-Si QW on SiGe creates a strain due to bending with a magnitude of approximately 10 −6 , which shifts the energy of electronic states by amounts sufficient to affect the rates of transitions between states. 15 A lateral variation of the structure of QWs is also observed in Si/SiGe QWs produced using other fabrication methods and in other semiconductor materials. The transfer of released elastically relaxed Si/SiGe heterostructures as nanomembranes onto new substrates occurs without distortion due to crystalline mosaic or other effects of plastic relaxation, 16, 17 but is instead accompanied by distortion resulting from the transfer process. 18 The distribution and magnitude of stress within silicon quantum devices can intuitively be expected to depend strongly on the device geometry and on the distance between the electrodes and the quantum well layer. Here we show that metal gate electrodes impose a stress that is elastically transferred to the strained-Si QW of a Si/SiGe quantum device. The strain resulting from an isolated narrow linear electrode, a nearly ideal model geometry, is in excellent agreement with elastic predictions. The distribution of strain around the pattern of electrodes from which electrostatic gates are fabricated has a more complex variation but shares the same fundamental origin.
Structural insight into strained semiconductors has been obtained in studies using x-ray techniques including micro-and nanobeam diffraction, 12, [19] [20] [21] [22] and ptychography, 23, 24 reciprocal-space map analysis combined with finite element studies, 25, 26 as well as through transmission electron microscopy.
27 Emerging x-ray ptychography techniques have the potential to provide images of strain fields using phase retrieval techniques, but have not yet been demonstrated for the case of complex heterostructures including both plastic relaxation and large lattice tilts. Future development of ptychography would complement the present approach by providing maps of strain as a function of depth, including through the Si quantum well. The structural results presented here are derived from synchrotron hard x-ray nanodiffraction conducted using the hard x-ray nanoprobe operated by the Center for Nanoscale Materials at Sector 26 of the Advanced Photon Source of Argonne National Laboratory, which allows the distortion of devices to be probed without perturbations due to sample preparation. Incident x-ray beams with 10 keV photon energy were focused to a spot size of 50 nm full width at half-maximum using 160 µm-diameter Fresnel zone plate with an outermost zone width of 30 nm. A center stop (diameter 60 µm) and order sorting aperture were used to attenuate unfocused radiation and x-rays focused to other orders of the zone plate. The high degree of spatial coherence in the incident x-ray beam allowed structural measurements to be performed with very high precision in spite of the large angular divergence of 0.24
• introduced by the zone-plate focusing optics. Analysis methods for deriving structural insight in this situation are described below. Diffraction patterns were acquired using a charge-coupled-device (CCD) detector consisting of a 1024 × 1024 array of 13 µm pixels located at a distance of 0.69 m from the sample.
The Si/SiGe heterostructure in which the quantum dot device was fabricated consisted of a Si 1−x Ge x layer with a thickness of several µm grown on a Si (001) substrate with the Ge concentration graded linearly to x = 0.3 during growth. The Si 1−x Ge x layer relaxed during deposition through the formation of dislocations that appear as a characteristic cross-hatch structure. 16, 17 Nanometer-scale height variations that do not lead to tilting of the lattice have been observed at the surfaces of SiGe layers due to the stress dependence of SiGe growth rate. 28 A subsequent Si/SiGe heterostructure (top 91 nm Si 0.7 Ge 0.3 , 10 nm strained-Si QW, 300 nm Si 0.7 Ge 0.3 buffer) and a 5 nm Si cap layer were grown on the relaxed Si 1−x Ge x layers, as shown in Figure 1(a) . Note that the thickness of the 91 nm Si 0.7 Ge 0.3 layer is slightly different than the nominal design value of the thickness of that layer given in Ref. 15 . The lattice mismatch between Si and the relaxed Si 0.7 Ge 0.3 layer leads to a biaxial in-plane strain in the strained-Si QW with a magnitude of 1%. A pattern of thin-film Pd metal gate electrodes was defined using electron beam lithography and deposited using electron beam evaporation to form the electrostatically controlled QD structure.
The residual stress in the Pd electrodes was transferred to the Si/SiGe heterostructure producing a depth-dependent strain and curvature. The effect of the curvature can be quantified by considering the strain difference across the strained-Si QW layer, defined as the difference between strains at the bottom (ε bottom ) and top (ε top ) surfaces. This strain difference is given by t/R, where t is the thickness of the strained-Si QW and R is the radius of the curvature. A scanning electron microscopy (SEM) image and a map of the Pd M-edge fluorescence intensity acquired by scanning the focused x-ray beam across the device are shown in Figures 1(b) and 1(c) , respectively. The two regions of interest for detailed study are indicated by the dashed and solid boxes in Figure 1(b) , which correspond to regions in which the structural deformation is produced by (i) an isolated electrode thin film circuit connection and (ii) the complex overlapping stress fields of many gate electrodes.
A diffraction pattern acquired with the x-ray beam set at a Bragg angle of 27.49
• , approximately the angular maximum of the diffracted intensity of the 004 x-ray reflection of the strained-Si QW, is shown in Figure 1(d) . The distribution of diffracted intensity in the x-ray diffraction pattern exhibits a number of features linked to the large angular divergence of the focused incident x-rays, which effectively leads to the sampling of a range of wavevectors for each angular setting of the incident x-ray beam. 18, 29 A key result of the analysis of the diffraction experiment, as described in the supplementary material, 30 is that, under the conditions in which the diffraction pattern shown in Figure 1(d) was acquired, the intensity associated with the diffracted x-ray beam is shifted in angle by the tilt of the strained-Si QW lattice planes induced by elastic deformation. The relationship between the tilt and the angular displacement in the diffraction pattern depends on the direction of the angular displacement of the diffraction pattern on the x-ray detector. 21, 31 The tilt of the lattice planes can be resolved into components that are perpendicular or parallel to the long axis of the electrode for further elastic analysis using the geometrical construction shown in the supplementary material. 27, 30 We first consider the distortion in the strained-Si QW induced by the isolated linear electrode. Figure 2(a) shows a map of the Pd M-edge fluorescence intensity within the region of the dashed box in Figure 1(b) . Maxima in the fluorescence intensity are observed when the incident focused x-ray beam illuminates the Pd electrodes. Figure 2(b) shows a map of the perpendicular tilt component of the lattice planes in the same region as the fluorescence map. The tilt angle varies rapidly in the region of the electrode, reaching a maximum magnitude of 0.02
• near the electrode. The reversal of the sign of the tilt that is apparent beneath the center of the electrode is characteristic of the distortion of the strained-Si QW by the elastically transferred electrode residual stress. From the sign of the displacement at each edge we determine that the bending is such that the strained-Si QW planes have concave-down curvature beneath the electrode. There is a small difference in the apparent position of the electrodes in the fluorescence and tilt images (Figures 2(a) and 2(b), respectively) due to the depth of strained-Si QW, as shown in the supplementary material.
27,30 A vector map, Figure 2 (c), shows that the directions of the tilt are almost perpendicular to the length of the electrode. Regions far from the electrode exhibit a pattern of tilted mosaic blocks associated with the relaxation of the SiGe, as observed in previous nanobeam diffraction studies. 15 The stress imparted on the strained-Si QW by the Pd electrode can be inferred from an elastic analysis of the distortion. Figure 2(d) shows the average tilt in the direction perpendicular to the length of the electrode as a function of the distance from the electrode. The small tilt difference between the start and end points of Figure 2 (d) arises due to differences in the plastic relaxation of the bottom SiGe layer. Figure 2 (d) includes a fit to the tilt using the edge force model, an analytical elastic analysis in which the residual stress in the electrode is elastically transferred to the substrate at the electrode edges. 32 This elastic model considers the ideal situation in which there is no contribution to the tilts arising from the spatial variation in plastic relaxation. The elastic analysis in Figure 2 (d) makes the approximation that the Si/SiGe heterostructure can be accurately mechanically modeled as a single SiGe layer of uniform composition, which is appropriate given the thinness of the strained-Si QW layer. The tilt angle shown in Figure 2(d) is calculated from the displacement of the lattice planes at a depth of 100 nm under the electrode. The magnitude of the stress-thickness product that provides the best fit to the experimental data is 80 GPa Å, which is similar to reported stresses in metal thin films. 13, 33, 34 The curvature of the strained-Si QW was extracted numerically from the perpendicular tilt component, and used to measure the strain difference between the bottom and the top of the strained-Si QW, as shown in Figure 2 (e). The strain difference is positive when the in-plane lattice constant at the bottom of the strained-Si QW layer is larger than at the top. At the center of the electrode, the strain difference reaches its largest magnitude, 4 × 10 −5 , corresponding to a radius of curvature of 250 µm. The strain is a factor of 10 larger than the previously reported strain difference arising from the plastic relaxation of SiGe alone. 15 More generally, the value of the elastic model lies in allowing other important aspects of the elastic distortion of the heterostructure to be predicted. For example, the difference in the strain between the region beneath the electrode and the region far from the electrode is shown in Fig. 2(f) , providing insight that is useful in modeling the electronic effects arising from surface patterns. 35 The elastic distortion of the region in which the electrode pattern defines the quantum dot is more complex than that of the single electrode. A Pd fluorescence map in the region of the QD is shown in Figure 3(a) , encompassing the region indicated by the solid box in Figure 1(b) . The positions of electrodes are outlined in Figure 3(a) . The magnitude of the tilt within the quantum-dot region is shown in Figure 3(b) . The tilt magnitude at the left side of the map where the five electrodes are closely spaced is 0.05
• , a factor of 2.5 larger than at the edges of the single electrode. The structural deformation is larger in this area due to the overlap of the stress fields of adjacent electrodes, an effect previously observed at a much larger scale in metal test patterns on Si. Comparison between strain differences induced by the single electrode along with the intrinsic tilt from plastic relaxation of the SiGe layer (from Figure 2(b) ) and the QD electrodes near the region indicated by the asterisk (from Figure 3(c) ).
The strain difference in the region of the QD cannot be determined easily using an analytical mechanical model. The two-dimensional strain difference determined from the tilt angle information is in Figure 3(c) . In this map, the strain difference reaches 10 −4 at the point indicated with an asterisk, significantly larger than strain difference induced by the single electrode. The strain difference profile for the single electrodes and the QD areas is compared in Figure 3(d) , using the strain differences computed using the tilt information along the bottom of the tilt image in Figure 2 (b) and in the vicinity of the asterisk in Figure 3(c) , respectively.
The deformation due to the electrodes also leads to a further distinctive feature in x-ray diffraction patterns, besides overall angular shift described above. This effect can best be illustrated by comparing the regions near the electrodes with those of the unprocessed Si QW heterostructure. In areas far from the tilted near-electrode region, superimposed fringes appear in the diffraction pattern arising from the interference of the thickness fringes of the top SiGe layer with the broad diffraction feature associated with the strained-Si QW, as in Figure 4 (a). A simulated diffraction pattern illustrating the interference effect is shown in Figure 4 (b), produced using a method described by Ying et al. 29 The spacing of the fringes corresponds to a reciprocal-space separation of ∆q z = 0.007 Å −1 , matching the separation due to the thickness of the top SiGe layer. Note that the thickness fringes arising from the strained-Si QW are widely separated in reciprocal-space (by ∆q z = 0.063 Å −1 ), and do not appear in the ∆q z = 0.038 Å −1 span of Figures 4(a) and 4(b). The intensity fringes arising from the SiGe layer is not apparent in tilted regions, as illustrated in Figure 4 (c). The top and bottom interfaces of the SiGe layer are not parallel in regions of electrode-induced tilt and the interference required to produce the fringes does not occur. The visibility of the thickness fringes in the diffraction pattern can be quantified by evaluating the Fourier component of the image at the spatial frequency corresponding to the thickness fringe spacing, using methods described in the supplementary material. 30 In Figures 4(d) , a map of fringe visibility shows that the fringes in the diffraction pattern are reduced in intensity not only in the tilted region under the Pd single electrode but also at boundaries of cross-hatch regions far from the electrode. Thus, the fringe visibility map is a second readily apparent indicator of the structural deformation of the Si QW. The results presented here show that significant structural deformation of strained-Si QW in Si/SiGe heterostructures arises not only from the plastic relaxation of the SiGe substrate layers but also from the stresses elastically transferred from the deposited electrodes. The transferred stresses lead to a strain difference of 10 −4 over the thickness of the layer, which is a factor of 100 larger than the strain difference arising from the plastic relaxation of the SiGe substrate. The lateral variation of the strain is of a similar magnitude. From the perspective of an electron occupying the gate electrode-defined quantum dot, this variation in strain contributes a spatially varying potential-energy landscape with a peak-to-peak amplitude of 1.4 meV, of the same order of magnitude as the charging energy in few-electron quantum dots. 36 Thus, gate electrode-induced strain variation is a significant source of disorder in gate electrode-defined semiconductor quantum electronics.
In addition to its direct effect on the energy landscape in quantum devices, strain modifies the hyperfine interaction for electrons bound to donors, 37 of which phosphorous has received the most attention as a prototype qubit. 38 Depending on the initial strain condition of the host Si lattice, strain variations of 10 −4 can lead to fractional variations in the hyperfine coupling as large as 2.5%, leading to variations in the electron spin resonance frequency of order 2 MHz, far larger than the 2 kHz linewidth of an individual donor in isotopically purified 28 Si, 39 with significant implications for addressing multiple nearby donor-bound electron spin qubits.
The deposition of thin-film electrodes is an inevitable part for QD fabrication and thus there will be a structural deformation of the QW in a wide range of quantum electronic devices fabricated from Si and other semiconductors, including, in addition to qubits, spin charge-coupled devices (CCDs) and structures exhibiting quantum effects in transport. 10, 40 The strain variation has the potential to introduce spatial nonuniformity of the energies of strained-Si QW states and could have a negative impact on devices that do not account for mechanical deformation. In other systems, however, including GaAs heterostructures, lateral strain variation can be integrated into the design of materials and devices through lithographic patterns or through self-assembly. 41, 25, 26 With precise structural measurements, Si/SiGe materials and gate electrode patterns can in principle be designed to control the electrode-induced strain from the electrodes, and can provide an additional way to control the electronic properties of Si quantum materials. 
